Abstract-Field populations of aquatic organisms, particularly those inhabiting flowing waters, likely are exposed to short pulses of pesticides following periods of spray drift, surface runoff, or drain flow. In the present study, we investigated the effect of pulse exposures of a pyrethroid insecticide, esfenvalerate, on survival, development, and reproduction of the midge, Chironomus riparius. The first experiment was designed to simulate the exposure of settling larvae to a waterborne pulse of esfenvalerate. A second experiment simulated exposure of larvae entering a sediment that had been exposed previously to a waterborne pulse of esfenvalerate. A third experiment simulated exposure of sediment-inhabiting larval populations to a waterborne pulse of esfenvalerate and examined whether population density influenced the response of C. riparius. Our results indicate that even very brief (i.e., 1-h) exposures to environmentally realistic concentrations of esfenvalerate during early larval life can have measurable effects on larval survival and developmental rates. For those individuals that survived a pulse exposure early in life, however, there appeared to be no lasting effects of esfenvalerate on their subsequent egg laying or egg viability. Thus, brief exposure to environmentally realistic concentrations of pesticides can have measurable effects on freshwater invertebrate populations, but whether such effects occur depends on the details of the exposure regime. In addition, population density may influence the responses of life-cycle traits and, thereby, population-level impacts of pesticides.
INTRODUCTION
Field populations of aquatic organisms, particularly those inhabiting flowing waters, likely are exposed to short pulses of pesticides following periods of spray drift, surface runoff, or drain flow [1, 2] . These pulses may extend anywhere from a few minutes to several hours, depending on the properties of the pesticide and the characteristics of the body of water. Very few efforts (see, e.g., [3] ) have been made to model pulsed or time-varying exposures and to provide guidance on characterizing the risks associated with such exposures.
For hydrophobic pesticides, some exposure may occur via contact with sediment, either because the pesticides enter the water already bound to soil particles or because the dissolved pesticides rapidly partition to the sediment on reaching the water. Thus, for hydrophobic pesticides, exposure from the water phase may occur as short pulses, whereas exposure via the sediment may continue for an extended period of time following a pulsed input. The standard exposure scenarios used for pesticide risk assessment generally do not incorporate such complex, but realistic, exposure scenarios, nor do they usually consider postexposure effects [4] . Peterson et al. [5] found substantial differences in the responses to pulsed exposures of carbaryl between two aquatic insect species, despite the sensitivities of these species being similar, after 96 h of continuous exposure.
The nonbiting midge, Chironomus riparius (Diptera: Chironomidae), is an important inhabitant of freshwater benthic habitats [6] and one of very few species used routinely in sediment toxicity testing. It is widely distributed in both lentic and lotic habitats in temperate latitudes of the northern hemi-* To whom correspondence may be addressed (vforbes@ruc.dk).
sphere [7] . Chironomus riparius feeds on sediment-deposited detritus [8] and, therefore, plays a key role in organic matter cycling in aquatic ecosystems. Its life cycle consists of an egg stage, four larval stages, and a pupal stage (all of which are aquatic) as well as a short-lived aerial adult stage. The majority of females (ϳ90%) lay a single egg rope before dying [9] ; thus, the life cycle is essentially semelparous. At 20ЊC, the life cycle typically is completed within three to four weeks [10] , which makes this species convenient for full life-cycle testing.
In the present study, we investigated the effect of a pyrethroid insecticide, esfenvalerate, on survival, development, and reproduction of C. riparius. Pyrethroid insecticides are widely used against a variety of agricultural pests in a range of crops and are recognized as being highly toxic to aquatic invertebrates. Approximately 2 tons of esfenvalerate were sold in Denmark in 2001, which made this pesticide fifth in terms of the amount sold and second in terms of the area over which it was applied (177,258 ha [11] ). Measured concentrations of esfenvalerate in Danish streams have been detected at concentrations up to 0.66 g/L [12] . Previous studies in our laboratory with the amphipod Gammarus pulex have shown that pulse exposure to esfenvalerate at concentrations in the range of 0.1 to 0.6 g L Ϫ1 for as little as 1 h can have effects on survival, pairing behavior, and reproductive output that can still be detected at least two weeks following the pulse [13] . Reproductive traits were particularly sensitive to esfenvalerate, and exposure to 0.05 g L Ϫ1 for 1 h led to immediate disruption of reproducing pairs, release of eggs or offspring from the brood pouch, and substantial delays in pair formation as well as subsequent reproduction following transfer to clean water.
The present study was designed to examine the extent to which the exposure scenario influences the response of C. riparius populations to esfenvalerate. The first experiment was designed to simulate the exposure of settling larvae to a waterborne pulse of esfenvalerate. A second experiment simulated exposure of larvae entering a sediment that had been exposed previously to a waterborne pulse of esfenvalerate. A third experiment simulated exposure of sediment-inhabiting larval populations to a waterborne pulse of esfenvalerate and examined whether population density influenced the response of C. riparius.
METHODS AND MATERIALS

Collection and maintenance of C. riparius
Approximately 200 larvae of C. riparius were obtained from Blades Biological (Kent, UK), and approximately six egg masses were kindly provided by Jussi Kukkonen (University of Joensuu, Joensuu, Finland). These eggs and larvae were used to initiate our laboratory cultures. In general, the cultivation technique followed the description of the Organisation for Economic Cooperation and Development (OECD; Paris, France) proposed Guideline 219 (http://www.oecd.org/pdf/ M00024000/M00024312.pdf).
Larvae were kept in aquaria (height, 40 cm; length, 34 cm; width, 20 cm) that were filled with an approximately 3-cm layer of artificial sediment and dechlorinated, aerated tap water (to a depth of ϳ6 cm). The sediment was made by mixing powdered, air-dried sphagnum moss peat (5% dry wt), kaolin clay (20% dry wt), and fine sand (75% dry wt) together with deionized water to obtain a final moisture content of 30 to 50%. The final mixture had pH 7.0 (Ϯ0.5, mean Ϯ standard deviation) and an organic carbon content of 2% Ϯ 0.5%. The overlying water in the aquaria was renewed every second week. The top of each aquarium was supplied with a removable swarm chamber made with mosquito net (mesh size, 1 mm).
Animals were held at room temperature (20 Ϯ 1ЊC) under a 12:12-h light:dark photoperiod (ϳ1,000 lux). The larvae were fed with a fish flake food (Tetramin; Tetrawerke, Melle, Germany) at approximately 250 mg per aquarium per day. The food was given as a suspension in water: One gram of flake food was added to 20 ml of deionized water and blended to give a homogeneous mix. According to the OECD proposed guideline 219, the recommended amount of food for 10-d-old larva is 0.25 to 0.5 mg/d. Slightly more food is necessary for an older larva (0.5-1 mg/d).
Egg masses produced by the culture were carefully transferred to small Petri dishes, and the exact dates of deposition of the egg masses were noted. Periodically, new aquaria were initiated with several egg masses, and we took care during the early stages of culturing to mix larvae from the two original source cultures. All experiments were initiated with approximately one-week-old (i.e., second-instar) larvae.
Extraction and analysis of esfenvalerate
Esfenvalerate was extracted from water according to the procedure described by Bonwick et al. [14] with some modifications. Two grams of NaCl and either 5 or 10 ng of an internal standard (-cyhalothrin; technical grade, 99.8% purity; Sigma-Aldrich, Vallensbaek Strand, Denmark) were added to a 100-ml water sample in a separation funnel. Subsequently, 15 ml of 2,2,4-trimethylpentane (high-performance liquid chromatographic grade, Ͼ99% purity; Sigma-Aldrich) were added, and the funnel was shaken vigorously for 3 min. The phases were then allowed to separate, and the upper fraction containing the organic phase was transferred into a conical flask. The lower fraction was returned to the separation funnel, and the extraction in 10 ml of 2,2,4-trimethylpentane was repeated twice. The extracts were combined (ϳ35 ml), and a few grams of NaSO 4 were added to remove any residual water. The extract was then filtered (Whatman no. 41 filters; Whatman, Kent, UK) and rotary-evaporated to dryness. The resulting residue was dissolved in 1 ml of hexane, transferred to amber vials, sealed, and stored at Ϫ80ЊC until analysis.
Esfenvalerate extracts were analyzed by capillary gas chromatography with electron-capture detection (HP 6890 Series gas chromatograph; Agilent G2397A micro electron-capture detector; Agilent Technologies, Birkerød, Denmark). We used four 5-l injections in the splitless mode. The injector of the gas chromatograph was in solvent mode and programmed at an initial temperature of 55ЊC for 1.70 min, which was then increased to 300ЊC at a rate of 720ЊC/min. The oven had an initial temperature of 50ЊC, which was then increased to 70ЊC at 70ЊC/min, to 115ЊC at 60ЊC/min, to 175ЊC at 50ЊC/min, to 250ЊC at 40ЊC/min, to 300ЊC at 10ЊC/min, and then held for 5 min. The detector had a temperature of 320ЊC. We used a HP-5MS capillary column (length, 30 m; inner diameter, 0.25 mm; film thickness, 0.25 m; Agilent Technologies), a flow rate of 1.0 ml/min, and helium as the carrier gas. The detection limit for esfenvalerate with this system was 10 ng L Ϫ1 .
Experiment 1: Exposure of settling larvae to a watercolumn pulse of esfenvalerate
The purpose of the first experiment was to examine the effect of a brief pulse exposure of settling larvae to esfenvalerate at an environmentally realistic concentration of 0.2 g L Ϫ1 . Six egg masses, all produced within a 24-h period, were taken from the lab culture and isolated in a Petri dish. After one week, the required numbers of larvae were transferred by pipette and exposed, in groups, in glass containers containing a water volume of 0.5 L. Four replicates of 30 animals per test chamber were used in each of the following three exposure groups: A control group, a group exposed to a 1-h pulse of 0.2 g L Ϫ1 and subsequently transferred to recovery chambers containing clean sediment, and a group exposed to a 1-h pulse of 0.2 g L Ϫ1 and subsequently transferred to recovery chambers containing sediment that had been exposed to the same esfenvalerate pulse (overlying water replaced with clean water at the end of the pulse).
Following exposure, the animals were briefly rinsed by pipetting them into dishes with a large volume of clean water to minimize transfer of pesticide between exposure and recovery chambers. The recovery chambers were made of glass (diameter, 7 cm; height, 4 cm). Each chamber contained 20 ml of artificial sediment and 100 ml of dechlorinated tap water.
Each chamber contained 30 individuals, giving a density of 0.77 individuals/cm 2 . The chambers were provided with a removable top consisting of mosquito net (mesh size, 1 mm) to prevent emerged adults from escaping. During the course of the experiment, each larva was fed with 0.5 mg/d of fish flake food.
Following exposure, the recovery chambers were observed for 39 days to determine the following endpoints: larval survival, time to emergence, sex ratio of emerged adults, number of eggs produced, and hatching success. Both numbers and sex of emerged individuals in each chamber were noted daily, and the adults were immediately transferred to swarm boxes (height, 20 cm; length, 34 cm; width, 20 cm). The swarm boxes were equipped with water-filled Petri dishes to provide sites for egg laying. All adults belonging to the same exposure group were transferred to the same swarm box (i.e., all adults from the original four replicates per treatment were pooled). This was done to ensure a sufficient number of adults in each swarm box for mating. At the end of the experiment, the sediment in all recovery chambers was sieved to determine the number of living larvae and pupae that had not emerged by the end of the experiment.
Experiment 2: Recolonization of larvae into previously contaminated sediment
The purpose of the second experiment was to simulate exposure of larvae to sediment that had been exposed previously to a waterborne pulse of esfenvalerate. We spiked the overlying water with esfenvalerate (0.2 g L Ϫ1 ) and briefly stirred the sediment-water mixture to facilitate the binding of esfenvalerate to sediment particles. The overlying water was replaced with clean, dechlorinated tap water after 24 h.
Six egg masses, all produced within a 24-h period, were isolated in a Petri dish, and after one week, 240 larvae were taken out for experimental use. Four replicates of 30 animals per test chamber were used for the control and contaminated sediment treatments. The size, setup procedure, and feeding regime used here were identical to those used in experiment 1 (during postpulse recovery). We measured larval survival, time to emergence, sex ratio of emerged adults, number of eggs produced, and hatching success for 39 days. All surviving larvae and pupae were sieved from the sediment at the end of the experiment and counted.
Experiment 3: Exposure of newly settled larvae to a pulse of esfenvalerate-contaminated water at different population densities
In the third experiment, C. riparius larvae were allowed to establish themselves in the sediment, after which they were exposed to a 1-h pulse of esfenvalerate (0.2 g L Ϫ1 ) via the water phase. In addition to estimating the effects of a brief pulse exposure to esfenvalerate, this experiment examined the influence of population density on the effects of pesticide exposure.
Six egg masses, all produced within a 24-h period, were removed from culture and isolated in a Petri dish. After one week, 600 larvae were distributed into the following treatment groups (10 replicates/treatment): Unexposed with a density of one larva per 5 cm 2 (i.e., 0.2 larva/cm 2 , 10 individuals/test chamber), esfenvalerate-exposed with a density of one larva per 5 cm 2 , unexposed with a density of one larva per 2.5 cm 2 (i.e., 0.4 larva/cm 2 , 20 individuals/test chamber), and esfenvalerate-exposed with a density of one larva per 2.5 cm 2 . Pulse exposure of the animals took place in the test chambers 1 d after they had been introduced to the sediment. The glass test chambers (diameter, 8 cm; height, 4 cm) were supplied with artificial sediment and dechlorinated tap water (1: 5, v/v) and covered with a removable mesh top. Each larva in all treatments was fed with 0.25 mg/d of fish flake food. Thus, any observed effects of density should not have been caused by initial differences in food availability between the two density treatments (however, as larvae died, the availability of food would have increased for the survivors). Endpoints measured were the same as in experiments 1 and 2, but the observation period in this experiment was 44 d. Furthermore, emerged adults from the original 10 replicates per treatment were transferred to two swarm boxes (i.e., n ϭ 2 for fecundity measurements).
Statistics
Effects of esfenvalerate and sex on time to emergence (experiments 1 and 2) were analyzed by two-way analysis of variance (ANOVA) followed by Tukey's honestly significant difference (HSD) post-hoc comparisons when appropriate. Effects of esfenvalerate and population density on time to emergence (experiment 3) were analyzed by two-way ANOVA for males and for females. Differences in emergence time between males and females were tested by one-way ANOVA for each exposure and, in experiment 3, for density treatment as well. Effects of esfenvalerate (experiments 1, 2, and 3) and density (experiment 3) on the percentage of the initial larvae that successfully emerged were tested by contingency table analysis using Pearson's chi-square test; effects on the proportion of emerged females that successfully reproduced (experiment 3) were tested by two-way ANOVA on arcsine-transformed data. For cases in which the interaction term in the two-way ANOVA was not significant, a reduced model was used that omitted the interaction term.
In experiments 1 and 2, all the emerged adults among replicates within treatments were pooled in a single swarm box. This was necessary to ensure that enough males and females per treatment were available for mating. However, lack of replication within treatments prevented statistical analyses of the reproductive data from being performed. To have enough adults for mating in experiment 3, emerged adults from the 10 original replicates per treatment were pooled into two groups. Thus, effects of esfenvalerate and density on total egg production per treatment, fecundity (eggs/reproducing female), and total number of surviving offspring were performed using two-way ANOVA (n ϭ 2). A significance level of p Յ 0.05 was used throughout. For cases in which 0.1 Յ p Յ 0.05, differences were defined as marginally significant.
All statistical analyses were performed using Systat (Ver 10; SPSS, Chicago, IL, USA).
Demographic analyses
Population growth rate () was calculated from the measured life-history traits using the following simple demographic model:
where n is the average number of surviving offspring per emerged female, S j is the proportional survival from the start of the experiment until emergence, and t j is the average time from the start of the experiment to emergence for females (d). The S j value can be converted to juvenile survivorship between time units (p j ) by the equation S j ϭ . For these calculations, tj p j any larvae recovered alive from the sediment at the end of the experiment were considered to have survived. However, estimates of t j were based on emerged adults only, because we had no way to determine the sex of the unemerged larvae and the emergence times of males and females differed measurably.
Demographic sensitivities of the life-history traits and confidence limits for were calculated according to the method described by Sibly et al. [15] . If the 95% confidence limits for did not overlap, we considered the values to be significantly different. Decomposition analysis of the effects of the experimental treatments were used to assess the extent to which Fig. 1 . Effect of esfenvalerate and sex on time to emergence in Chironomus riparius in experiment 1. Circles indicate females, and squares indicate males. On the x-axis are the control group (CO), the group transferred to clean sediment (and water) following exposure (CS), and the group transferred to exposed sediment (and clean water) following exposure (ES). Error bars represent one standard deviation. treatment effects on the life-history traits contributed to the observed effects on (see Eqn. 30 in [16] ). Elasticity and decomposition analyses were based on the mean values of the life-history traits and within treatments. Table 1 shows measured concentrations of esfenvalerate immediately after addition to test containers and at the end of the 1-h exposure period. The initial measured concentrations were 70 to 75% of the nominal concentration. The actual concentration declined by approximately 20% during the exposure period in test containers without sediment and 35% in test chambers with sediment. Good agreement was found among replicates.
RESULTS
Esfenvalerate analysis
Experiment 1: Exposure of settling larvae to a watercolumn pulse of esfenvalerate
Esfenvalerate had a significant effect on time to emergence (ANOVA; degrees of freedom [df]) ϭ 2, 88, variance ratio [F] ϭ 7.22, p ϭ 0.001), and emergence times differed between sexes (ANOVA; df ϭ 1, 88; F ϭ 9.94; p ϭ 0.002), with females having a longer time to emergence than males (Fig. 1) . Emergence times in the control group were significantly longer than in midges from the clean-sediment group (Tukey's HSD, p ϭ 0.009) and marginally longer than in midges from the contaminated-sediment group (Tukey's HSD, p ϭ 0.08); emergence times of the two exposure groups did not differ from each other (Tukey's HSD, p ϭ 0.88). Although the interaction between esfenvalerate and sex was not significant (p ϭ 0.50), separate comparisons for each esfenvalerate treatment indicated that only in the control treatment were emergence times in females significantly longer than emergence times in males (ANOVA; control: p ϭ 0.001; clean sediment: p ϭ 0.88; esfenvalerate sediment: p ϭ 0.22). Esfenvalerate exposure had a marked effect on the number of adults emerging by the end of the experiment (i.e., 39 d; 2 ϭ 49.44, df ϭ 2, p K 0.001) ( Table 2) , and this was true for midges maintained in both clean and contaminated sediment following exposure. In the control group, 48% of the larvae emerged, with another 44% recovered from the sediment as living larvae. In the cleansediment group, 15.8% of the larvae successfully emerged, and 4% were recovered as living larvae. In the contaminatedsediment group, only 12.5% of the larvae successfully emerged, and no survivors were recovered from the sediment at the end of the experiment. On the basis of these measurements, juvenile mortalities are assumed to be 8% in the control group, 80.2% in the clean-sediment group, and 87.5% in the contaminated-sediment group.
Five egg ropes were produced by the control-group flies (containing 151, 312, 167, 293, and 257 eggs/rope; total, 1,180 eggs). Only one egg rope containing 164 eggs was produced by the group maintained in clean sediment following exposure, and two egg ropes (containing 204 and 268 eggs/rope; total, 472 eggs) were produced by the group maintained in esfenvalerate-contaminated sediment following exposure. Of these, 835 (70.8%) hatched successfully in the control, 122 (74.4%) in the clean-sediment group, and 319 (67.6%) in the contaminated-sediment group. Using the numbers of emerged females in each treatment ( Table 2 ) and assuming that females produce a single egg rope, we can estimate that 24, 25, and 18% of females reproduced in the control, clean-sediment, and contaminated-sediment group, respectively. Thus, average fecundities (eggs/reproducing female) for the three treatments were 236, 164, and 236, respectively.
Experiment 2: Recolonization of larvae into previously contaminated sediment
In experiment 2, esfenvalerate had no effect on time to emergence for either males or females (ANOVA; effect of esfenvalerate: df ϭ 1, 98; F ϭ 0.08; p ϭ 0.77; effect of sex: df ϭ 1, 98; F ϭ 1.78; p ϭ 0.18) (Fig. 2) . Average emergence times were 34.0 Ϯ 4.04 d for males and 35.0 Ϯ 3.40 d for females. However, by the end of the experiment (i.e., 39 d), only 42% of the larvae had emerged. The remaining larvae were mostly recovered from the sediment (a total for all treatments of 123 of 240 initially added), but a few were determined to be either dead or missing (a total of 16). Esfenvalerate had no effect on the proportion of larvae that emerged by the end of the experiment ( 2 ϭ 1.45, df ϭ 1, p ϭ 0.90). Although similar numbers of flies emerged from control (50 flies) and contaminated (51 flies) treatments, in both treatments the number of male flies that emerged was more than 1.5-fold the number of females (33 vs 17 in control treatments, and 31 vs 20 in contaminated treatments). The control-group flies produced a total of four egg ropes (with 340, 269, 378, and 346 eggs/rope), and the esfenvalerategroup flies produced a total of five egg ropes (with 256, 289, 198, 438, and 402 eggs/rope). The number of offspring successfully hatching out of the egg ropes ranged from 123 to 367 (mean, 250; standard deviation, 83.1), giving an average hatching success of 75.8%. Esfenvalerate did not appear to have an effect on the number of eggs per egg rope or on the number of offspring that successfully hatched from the egg ropes; however, statistical tests of these variables were not possible because of the need to pool adults among replicates for mating. A total of 17 females emerged in the control groups and 20 in the esfenvalerate groups, and most females will only produce a single egg rope, all of which suggests that 23% (control) and 25% (esfenvalerate) of the females deposited egg ropes in this experiment.
Experiment 3: Exposure of newly settled larvae to a pulse of esfenvalerate-contaminated water at different population densities
For males, esfenvalerate exposure reduced the time to emergence (ANOVA; df ϭ 1, 215; F ϭ 8.69; p ϭ 0.004), whereas increased population density increased time to emergence (ANOVA; df ϭ 1, 215; F ϭ 102.5; p Ͻ 0.001) (Fig. 3a) . For females, esfenvalerate had no detectable effect on time to emergence (ANOVA; df ϭ 1, 190; F ϭ 0.031; p ϭ 0.86), whereas increased density significantly increased time to emergence (ANOVA; df ϭ 1, 190; F ϭ 86.13; p Ͻ 0.001) (Fig.  3b) . In both control and esfenvalerate-exposed groups, and in both low-and high-density treatments, females had significantly longer times to emergence compared to those of males (ANOVA, p Ͻ 0.001 for all tests).
Times to 50% emergence and numbers of adults that emerged by the end of the 45-d experiment in each treatment are shown in Table 3 . Density had a significant, negative effect on the percentage of larvae that successfully emerged in both control ( 2 ϭ 24.02, df ϭ 1, p Ͻ 0.001) and esfenvalerate ( 2 ϭ 24.10, df ϭ 1, p Ͻ 0.001) treatments. In contrast, esfenvalerate did not significantly affect the percentage of larvae that successfully emerged in either low-density ( 2 ϭ 1.45, df a S j ϭ survival from birth to first reproduction; p j ϭ juvenile survival between time units (S j ϭ P j t ); n ϭ number of offspring per female; t j ϭ time to first reproduction (d).
ϭ 1, p ϭ 0.23) or high-density ( 2 ϭ 1.22, df ϭ 1, p ϭ 0.27) treatments. Table 4 shows the number of egg ropes produced, the total number of eggs per population, and the total number of hatched offspring per population. Neither esfenvalerate exposure nor population density had a significant effect on total egg production per population (esfenvalerate: df ϭ 1, 4; F ϭ 0.31; p ϭ 0.61; density: df ϭ 1, 4; F ϭ 1.86; p ϭ 0.24; esfenvalerate ϫ density: df ϭ 1, 4; F ϭ 0.99; p ϭ 0.38). Likewise, no significant effects were observed on the numbers of surviving offspring that hatched (esfenvalerate: df ϭ 1, 4; F ϭ 0.03; p ϭ 0.87; density: df ϭ 1, 4; F ϭ 0.42; p ϭ 0.55; esfenvalerate ϫ density: df ϭ 1, 4; F ϭ 0.96; p ϭ 0.38) or on the reproductive success of emerged females (esfenvalerate: df ϭ 1, 4; F ϭ 0.40; p ϭ 0.56; density: df ϭ 1, 4; F ϭ 1.73; p ϭ 0.26; esfenvalerate ϫ density: df ϭ 1, 4; F ϭ 1.70; p ϭ 0.26). Average hatching success for all treatments was 77% Ϯ 11.25%, and average female reproductive success was 16.3% Ϯ 3.78%.
Demographic effects of esfenvalerate
The population growth rate of the semelparous C. riparius life cycle is most sensitive to changes in juvenile survival, least sensitive to changes in fecundity, and moderately sensitive to changes in time to first reproduction (Tables 5-7) .
In experiment 1, juvenile survival was dramatically reduced by esfenvalerate exposure. Fecundity was also reduced, but time to first reproduction was more rapid in exposed populations compared to control populations. The population growth rate was significantly reduced in populations transferred to esfenvalerate-contaminated sediment following pulse exposure (6% reduction) but not in populations transferred to clean sediment (4% reduction) ( Table 5 ). Esfenvalerate-caused reductions in juvenile survivorship made the largest contribution to the negative effects observed on , whereas effects of esfenvalerate on t j actually had a positive effect on (i.e., time to first reproduction was shorter in exposed populations).
In experiment 2, survival of both control and exposed populations was very high (Ն90%), and effects on fecundity and development time were minimal. Esfenvalerate exposure had no significant effect on population growth rate, (0.03% increase) ( Table 6 ). The minor negative effects on fecundity and survival were largely offset by the positive effect on t j .
In experiment 3, population density had a larger negative impact on juvenile survivorship than did esfenvalerate exposure (Table 7) . Esfenvalerate exposure did not appear to affect time to reproduction, whereas t j was longer in the higherdensity populations. Fecundity was reduced by both esfenvalerate exposure and higher population density. In the absence of esfenvalerate, was significantly reduced at the higher population density (4% reduction); however, in esfenvalerate-exposed populations, the effect of density on was not significant (1% reduction). Esfenvalerate did not significantly affect at either high or low population densities; however, the absolute difference in was negative (1.3% reduction) at low density but positive (1.1% increase) at high density (see last row of Table 7 ). Delays in t j because of increased population density made the largest contribution to the observed impacts of density on in exposed populations, whereas density-caused reductions in fecundity made the largest contribution in control populations. At low density, negative effects on fecundity made the largest contribution to the negative impact of esfen-84 Environ. Toxicol. Chem. 24, 2005 V.E. Forbes and A. Cold Table 6 . Population growth rate (), demographic sensitivities, and decomposition of the observed effect on into effects on the life-history traits contributing to it for experiment 2 a Table 5 footnote for abbrevations. Table 5 footnote for abbreviations.
valerate on , whereas at high density, esfenvalerate exposure resulted in an increase in fecundity, which made the largest contribution to the observed effect on .
DISCUSSION
Our results indicate that even very brief (i.e., 1-h) exposures to environmentally realistic concentrations of esfenvalerate during early larval life can have measurable effects on larval survival and developmental rates. For those individuals that survived a pulse exposure early in life, there appeared to be no lasting effects of esfenvalerate on their subsequent egg laying or egg viability.
The details of the exposure scenario had a marked effect on the sensitivity of C. riparius to esfenvalerate. Not surprisingly, young larvae were most sensitive to esfenvalerate when exposed to it in dissolved form and in the absence of sediment. This likely results, in large part, from a greater bioavailability of dissolved esfenvalerate (less rapid dissipation from the water phase than when sediment is present [17] ), but it also may have resulted, in part, from larvae being more stressed in systems without sediment. Slightly greater negative impacts were observed on populations in which only the water (and not the underlying sediment) was replaced following the pulse. This suggests that some of the esfenvalerate that partitioned to the sediment during the pulse later became bioavailable. However, in treatments where larvae received no waterborne pulse but were exposed to sediment that had been previously pulsed with esfenvalerate, we could detect no significant effects on lifecycle traits or population dynamics.
Å kerblom and Goedkoop [18] showed that C. riparius feeds selectively on added food in sediment toxicity tests and that such preferential feeding can have an important effect on toxicant exposure pathways and, hence, on toxicant effects. Their results suggested that 94% of larval carbon content and 90% of larval nitrogen content were obtained from added fish food and that larvae ingested artificial sediment only to a minor extent. Their observations are consistent with the lack of effects that we observed when larvae were exposed to contaminated sediment only, and this is an extremely important issue for designing laboratory experiments that simulate likely field exposures. In some circumstances, it may be important to distinguish between chemicals that are bound to particles (and, as a result, are not available following ingestion) versus contaminated particles that are simply not ingested.
Increased population density had negative effects on lifecycle traits and , but these negative impacts were reduced in esfenvalerate-exposed populations compared to those in control populations. Likewise, effects of esfenvalerate at high density were less (and, indeed, were slightly positive) compared with those at low density. Similar interactions between density and pyrethroid effects on C. riparius populations were shown by Hooper et al. [19] and suggest that the combined effects of toxicants and density on population dynamics are less than additive. Our densities (i.e., 0.2 and 0.4 larva/cm 2 ) were much lower than those used by Hooper et al. (0.5-4 larvae/cm 2 ) and were substantially lower than the highest recorded field densities of C. riparius (i.e., 10 larvae/cm 2 [20] ). Watts and Pascoe [21] observed 74% emergence of adults and a sex ratio with an approximately 10% bias toward males. Median male emergence time at 20ЊC was 25.4 d, whereas females had a median emergence time of 29.3 d. In our experiments, successful emergence varied between 12.5% (experiment 1, exposed group) to 93% (experiment 3, low-density control group). In most cases, higher numbers of males than of females emerged, but this may be explained by the longer emergence time of females compared to that of males, which was observed in all experiments and treatments, and the fact that some larvae had not emerged by the end of the experiment. Both density and esfenvalerate seemed to increase the difference in emergence time between the sexes (experiment 3) (Table 3). However, in experiment 1, differences in the average emergence times between males and females decreased in exposed populations (Table 2 ). This discrepancy may be attributed, in part, to the much lower survival of exposed larvae in experiment 1. As the difference in emergence time between males and females increases, the probability of an encounter between males and females decreases, which is expected to lead to a decrease in the percentage of females ovipositing. Female reproductive success was less than 25% in all experiments and treatments.
The numbers of eggs produced per reproducing female ranged from 154 to 514, which is reasonably consistent with the findings of other studies. Watts and Pascoe [21] estimated an average of 400 to 500 eggs per egg rope. Postma et al. [22] reported an average of 400 eggs per female produced in ad libitum feeding conditions, whereas Péry et al. [7] found a maximum number of eggs per mass of approximately 410 for larva feeding levels above 0.6 mg/d (this feeding level was defined to be the minimum required to achieve both optimum reproduction and growth). Hatching success of eggs produced in the present study was generally high (ϳ70% or greater) and not influenced by previous esfenvalerate exposure of the parent generation.
Other studies have shown that earlier instars of C. riparius are more sensitive to toxicants than later instars, and it has been suggested that the most sensitive stages of a species should be included in toxicity tests if the results are to have ecological relevance [23] . Our demographic analysis indicates that juvenile survivorship has a higher elasticity than time to first reproduction, with fecundity having the lowest elasticity of the three traits. This indicates that juvenile survival may be very important in controlling the population growth rate of C. riparius populations. However, the decomposition analysis indicated that in some cases, effects of esfenvalerate on either time to first reproduction or fecundity contributed more to the observed effects on the population growth rate than did effects on juvenile survival. This is because both toxicant sensitivity of the life-cycle traits and their demographic sensitivity determine their contribution to observed effects on population growth.
In conclusion, the results of the present study indicate that brief exposure to environmentally realistic concentrations of pesticides can have measurable effects on freshwater invertebrate populations, that whether such effects occur depends on the details of the exposure regime, and that population density may influence the responses of life-cycle traits and, thereby, population-level impacts of pesticides.
